Correlation between the size-enhanced Stokes shift and the size-enlarged band gap expansion of porous silicon has been derived, which allows us to discriminate the effect of electron-phonon coupling from the effect of crystal binding on the blueshift in photoemission and photoabsorption of nanosolid silicon. Matching predictions to the measured peak shift of both photoemission and absorption and to the measured band gap expansion evidences the essentiality and validity of the recent bond order-length-strength correlation mechanism which suggests that the atomic coordination imperfection dictates the shape and size dependency of a nanosolid. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1646469͔
Size-induced energy shift of photoemission (E PL ) and photoabsorption (E PA ) of porous silicon ͑PS͒ has attracted tremendous interest. The E PL is easily to be confused with the band gap of the solid, E G .
1 It has been suggested that the energy shift of E PL or E G follows quantum confinement that is dictated by the Coulomb interaction (ϰD Ϫ1 ) between the excited electron-hole pair separated by the nanosolid dimension D, and the kinetic energies (ϰD Ϫ2 ) of the mobile carriers confined in the quantum well. However, mechanism for the size-induced E PA shift, and hence, the separation between E PL and E PA , known as the Stokes shift,
2 is yet ambiguous. The Stokes shift was ever attributed to the ''surface'' states, 3 or to the self-trapped excitons localized in the surface region due to the dangling bonds. 4 Actually, the Stokes shift is dominated merely by electron-phonon ͑e-p͒ interaction, 5 and therefore, one needs to find out the factors dominating e-p coupling and the quantitative correlation between the particle size, the Stokes shift, and the band gap. Here we show that the recent bond order-length-strength ͑BOLS͒ correlation mechanism 6-8 allows us to establish such desired correlation. Matching the measured size dependence of the E PL and E PA as well as the band gap expansion 9 has been reached, which provides consistent insight into the CN ͑coordination number͒-imperfection induced unusual behavior of photons, phonons, and electrons in the PS.
The BOLS correlation indicates that the CN imperfection of an atom causes the remaining bonds of the lowercoordinated atom to contract spontaneously. The spontaneous bond contraction is associated with magnitude increase in bond energy. For a nanosolid of D size, the portion of such lower-coordinated atoms increases with the inverse D. The BOLS correlation enhances the binding energy density per unit volume in the relaxed surface region while lowering the cohesive energy ͑atomic CN multiplies single bond energy͒ per atom at a site near the surface. The former contributes to the Hamiltonian and the latter to the Gibbs free energy of a nanosolid. The perturbed Hamiltonian dictates the change of the entire band structure, 1 the dielectric behavior, 10 and the mechanic strength of a nanosolid. The modified Gibbs free energy governs the thermodynamic performance of a nanosolid such as critical temperature for phase transition, 8, 11 and evaporation, 12 as well as activation energy for atomic diffusion and atomic dislocation occurred in a nanosolid.
According to the BOLS correlation, the size-enhanced E G expansion follows the relation:
͑1͒
␦ surf represents the surface perturbation to the crystal binding energy, V cry (r)(1ϩ␦ surf ), involved in the Hamiltonian; ␥ i is the volume portion of the ith atomic layer (d i thick͒ of the entire solid of different dimensionality (ϭ1, 2, and 3 correspond to a thin plate, a rod, and a spherical dot, respectively͒. KϭD/2d is the number of atoms lined along the radius of a spherical dot or the thickness of a thin plate. The i is counted up to three from the outermost atomic layer to the center of the solid. c i Ϫm ϭ i / 0 describes the magnitude rise of the bond energy upon bond relaxation. m, being an adjustable parameter, varies with the nature of the bond. z i is the effective CN of an atom in the ith atomic layer and z 1 ϭ4(1Ϫ0.75/K), 13 z 2 ϭ6 and z 3 ϭ12 for a spherical dot of any size. dϭ0.2632 nm is the diameter of a Si atom in the bulk. Figure 1 illustrates the effect of electron-phonon coupling and crystal binding on the E PL and E PA . The energies of the ground ͑denoted 1͒ and the excited states are expressed as
Constant A is the slope of the parabolas. The q is in the dimension of the wave vector. The vertical distance between the two minima is the band gap E G that depends functionally on the crystal potential. The lateral displacement of E 2 (q 0 ) originates from the e-p coupling that can be strengthened by enhancing lattice vibration. Therefore, the blueshift in the E PL and E AE is the joint contribution from the crystal binding and from the e-p coupling. At a surface, the CNimperfection-enhanced bond strength affects both the frequency 8 and magnitude 14, 15 of lattice vibration. Hence, at the surface, the e-p coupling and, hence, the Stokes shift will be enhanced. In the process of carrier formation and recombination, an electron is excited by a photon with E G ϩW energy from the ground minimum to the excited state with creation of an electron-hole pair. The excited electron then undergoes a thermalization and moves to the minimum of the excited state, and eventually transmits to the ground combining with the hole. The carrier recombination is associated with a photon emission at energy E PL ϭE G ϪW. The transition follows the rule of momentum conservation. The inset illustrates the Stokes shift, 2Wϭ2Aq 0 2 , from E PL to E PA . The q 0 is inversely proportional to atomic distance d i , and hence, W i ϭA/(c i d) 2 , in the surface region. Based on this premise, the blueshift of the E PL , the E PA , and the Stokes shift can be correlated to the CN-imperfection-induced bond contraction
Ϸ0 ͬ .
͑3͒
Compared with the bulk E G (ϱ)ϭ1.12 eV, the W(ϱ) ϳ0.007 eV obtained using empirical tight-binding calculations 16, 17 is negligible. The size dependent E PL , E PA , and E G ϭ(E PL ϩE PA )/2 can be calculated with Eq. ͑3͒. Fitting the measured data gives the values of m and A.
We prepared the PS samples and measured the size dependence of both the E PL and E PA at ambient environment, see Table I . The PS samples were prepared on p-type Si͑100͒ wafers using the HF:C 2 H 5 OH:H 2 O electrochemical method. 18 The E PL was derived from the photoluminescence ͑PL͒ spectra, as shown in Fig. 2͑a͒ , of the fresh PS samples measured under a Xe lamp (ϭ458 nm) excitation and a SPEX FLUOROLOG-3 spectrofluorometer. The particle size was controlled by varying the current density. The particle size was estimated by matching the measured E PL to the theory curve that has matched numerous sets of PL data of PS, CdS, and CdSe nanosolids. 6, 19 The reflection spectra of the fresh PS samples were measured using a Perkin Elmer Lamda 16 UV/visible spectrometer. Figure 2͑b͒ sketches the absorption coefficient obtained by fitting the reflection spectra using the Scout software package. 20, 21 The E PA values were extracted from the absorption spectra using the Tauc plot method. 22, 23 FIG. 1. Mechanisms for E PA and E PL of a nanosemiconductor, involving crystal binding (E G ) and e-p coupling ͑W͒. Insert shows the Stokes shift from E PA to E PL . Electron is excited by absorbing a photon with energy E G ϩW from the ground minimum to the excited state and then undergoes a thermalization to the excited minimum, and then transmits to the ground emitting a photon with energy E G -W.
FIG. 2.
Room temperature ͑a͒ PL spectra, and ͑b͒ absorption spectra of PS samples with different particle sizes, from which the E PA is obtained with the Tauc plot fitting.
Matching the predictions in Eq. ͑3͒ with the measured E PA and E PL gained herewith and obtained by others ͓Fig. 3͑a͔͒ refines the original value mϭ4 of which the electronphonon interaction was not considered. 1 The refined form discriminates the effect of e-p coupling (Bϭ0.91) from the effect of crystal binding (mϭ4.88) on the blueshift of both the E PL and the E PA .
Most strikingly, without igniting e-p interaction or electron-hole production, scanning tunneling spectroscopy revealed that 9 the E G of Si nanorods increases from 1.1 to 3.5 eV with decreasing the D from 7.0 to 1.3 nm and that the surface Si-Si bond contracts by ϳ12% from the bulk value ͑0.263 nm͒ to ϳ0.23 nm. This finding concurs excitingly with our BOLS premise: CN imperfection induces the remaining bonds of the lower-coordinated atoms to contract spontaneously associated with E G expansion. A STS collects localized E G information without needing any energetic stimulus. The tip-surface bias ͑2 eV͒ is not sufficient to break the bond. What happens upon being biased is that the tip introduces holes or electrons into the solid rather than creates electron-hole pairs inside. As such, neither electron excitation nor electron-hole pair production or carrier recombination occurs during STS measurement. What contribute to the STS-E G are states occupied by the covalent bonding electrons and empty states that are strongly localized at the probed site. Events such as electron-hole interaction or kinetic energies of the mobile carriers do not come into play. Without triggering the dictating quantum-confinement factors, 1 STS-E G continues expanding upon the size being reduced. Figure 3͑b͒ shows that the size-enlarged E G of both Si nanorods 9 and Si nanodots follows closely the BOLS prediction without involving electron-hole interaction, electronphonon coupling, or quantum confinement. Consistency between the BOLS prediction and measurements evidences not only the essentiality of the BOLS premise but also the significance of atomic coordination imperfection to the performance of a surface and a nanosolid. 
